The composition of a defined nongrowth medium used in stage II development of competence of Haemophilus influenzae affects the course of this development. The development of competence in two nongrowth media, M-IV and M-V, is rapid, logarithmic, and independent of the cell concentration. This last property indicates that there is probably no transfer of a competence factor from competent to noncompetent cells, in contrast to results reported for other organisms. Levels of competence reached in these completely defined media are such that 1 to 5 % of the cells are transformed in the presence of an excess of marked deoxyribonucleic acid. The method of evaluating competence, which depends on the frequency of multiple independent transformations, has been reexamined. This and other methods are compared on samples taken from a culture during development of competence.
Although the mechanism by which cells become competent and take up deoxyribonucleic acid (DNA) is the unique feature of genetic transformation in bacteria, this subject has received relatively little attention. Development of competence in Haemophilus influenzae takes place in two distinct stages. Stage I, the growth phase, has specific nutritional requirements which are necessary, not for growth, but for development of competence in stage II. At least two of these specific nutrients, a purine nucleoside (inosine being the best) and lactate or pyruvate, have been' reported to be needed for the ultimate development of competence (16) and have been included in the defined growth medium (MI,) described in the preceding paper (8) .
Since a defined medium for stage II development was described earlier (13, 18) , conditions for the entire process have now been defined. A similar study of defined media for developing competence in streptococci was described earlier (13a) . This paper describes two additional stage II media (M-IV and M-V) in which H. influenzae develop high levels of competence somewhat faster than in M-II. The course of development of competence in the various stage II media has been examined with particular attention to the early response and to the highest level of competence reached. In addition, the effect of cell concentration on the rate of competence development has been examined. A direct dependence would indicate that competent cells release material which aids noncompetent cells in becoming competent. Other organisms (1, 2, 14, 21) are known to release substances during their development of competence which enhance development of competence in noncompetent cells. Finally, the discrepancies (4, 7, 10, 15) found in the values of f the fraction of a population that is competent, calculated from the multiple transformation frequency (6) have been reviewed, and some plausible explanations for the discrepancies are offered. MATERIALS AND METHODS All of the materials and equipment used in this study have been described earlier (8) . Two (8) to a concentration of 107 to 2 X 107 cells/ml. A 35-ml amount of such a suspension in a 500-ml side-arm Erlenmeyer flask (Bellco Glass, Inc., Vineland, N.J.) was rotated at 150 rev/min at 37 C until the cell concentration reached 5 X 108 to 7 X 108/ml, as judged by turbidity measurements in a Coleman Junior spectrophotometer at 650 nm. The cells were centrifuged at 2,000 to 3,000 X g for 5 min, resuspended in the same volume of M-II, and then recentrifuged and resuspended in the same or half the volume of one of the stage II media.
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Stage II: competence development. Washed stage I cells were resuspended in 35 ml of M-IV or M-V medium; they were rotated in a 500-ml flask at 125 rev/min for 70 to 100 min when the medium was M-IV, and for 120 min when the medium was M-V. In each case, the cells had usually reached their peak of competence in the specified period.
Competence was measured in the several different ways described below. These differences were necessary because of the varied conditions and requirements of the particular experiments.
Relative competence. The transformation frequency under any set conditions relative to the frequency at maximal competence under the same conditions is the basis of this ratio.
Per cent transformed. This measure of competence is the percentage of the cell population that is transformed by an excess of transforming DNA. This ratio is a special case of relative competence ratio in which the cells are exposed to 1 ,ug of the high-level streptomycin-resistance marker per ml for 30 min in Brain Heart Infusion and then are diluted and plated. The viable-cell count was sampled 5 min after mixing with DNA. This early sampling excludes cells which divide during the 30-min uptake but are probably not competent.
Cell competence. The competence of individual cells varies (18) . Early in the development of competence, most competent cells will take up one but not two different pieces of transforming DNA. As development of competence proceeds, the capacity to take up several pieces of DNA increases. This is shown by a 10-fold increase, during development of competence, in the ratio of cells transformed to two independent markers relative to the number transformed to one of the markers.
The change in the ratio of double to single transformants when a culture is exposed to an excess of mixed marked DNA preparations measures the cellular competence.
Multiple transformations. This method (6) These assays of competence will be discussed later in the text of this paper.
Plating. In general, dilutions of cells for plating were made in Brain Heart Infusion-saline (1:10), and plating, in duplicate, was performed after first mixing a sample of cells in the petri dish with 10 ml of warm (43 C) Brain Heart Agar containing 10 lAg of hemin and 4 ,ug of nicotinamide adenine dinucleotide (NAD) per ml but no antibiotic. After hardening and incubation of these plates for 1.5 to 2 hr, they were covered with a layer of 10 ml of similar Brain Heart Agar containing double the equilibrium concentration of antibiotic. The plates were counted after 18 to 24 hr of incubation at 37 C.
Preparation of various stage II media. The various media, M-II through M-V, are quickly made up by diluting sterile stock solutions of the components. The directions for making the final media follow the descriptions of the stock solutions.
Stock solution 21 has the following composition: L-aspartic acid, 4.0 g; L-glutamic acid, 0.2 g; fumaric acid, 1.0 g; NaCl, 4.7 g; K2HPO4, 0.87 g; KH2PO4, 0.67 g; and Tween 80, 0.2 ml. These compounds are dissolved in 850 ml of distilled water. The solution is adjusted to pH 7.0 with 48 ml of 1 N NaOH and then is diluted to 1 liter with water. The resulting solution is divided into 100-ml volumes and autoclaved.
The components of stock solution 22 are as follows: L-cystine, 0.04 g; L-tyrosine, 0.10 g; citrulline, 0.06 g; L-phenylalanine, 0.20 g; L-serine, 0.30 g; and Lalanine, 0.20 g. The cystine and tyrosine are dissolved in 10 ml of 1 N HCl at 37 C. The solution is diluted with water to 100 ml and the other components are added. Sterilization is by filtration.
Stock solution 23 consists of 1.11 g of CaC12 (anhydrous) dissolved in 100 ml of distilled water and autoclaved.
For stock solution 24, 0.60 g of MgSO4 (anhydrous) is dissolved in 100 ml of distilled water and autoclaved.
Stock solution 40 is 5.0 g of Difco Vitamin Free Casamino Acids dissolved in 100 ml of water and sterilized by filtration.
Stock solution 51 has the following composition: L-glutamic acid, 0.20 g; fumaric acid, 1.0 g; NaCl, 14 g; K2HPO4, 0.87 g; KH2PO4, 0.67 g; and Tween 80, 0.2 ml. These components are mixed with 850 ml of distilled water, and 20.4 ml of 1 N NaOH is added to adjust the pH to 7. Water is added to bring the volume to 1,000 ml, and 100-ml volumes are autoclaved.
The various nongrowth competence media are made from the stock solutions as follows. M-II is made by adding 1 ml each of stocks 22, 23, and 24 to 100 ml of stock 21. M-IV consists of 1 ml of stock 40 added to 100 ml of M-II. M-V is made by adding 1 ml each of stocks 22, 23, 24, and 40 to 100 ml of stock 51.
RESULTS
Effect of composition of stage II nongrowth medium on the course of competence development. Competence development in the defined medium M-II involved a 30-to 60-min lag period before it was detectable and 2 hr more for full development (18) . Addition of 0.05% Casamino Acids individual amino acids simulating the Casamino Acids also shortened the time period required for development of competence, so that an unknown factor in the commercial preparation of hydrolyzed casein did not seem likely. Of the amino acids in Casamino Acids, leucine was found to be most effective in shortening the lag period.
Recently, Donald Miller of this laboratory found that, in the presence of Casamino Acids, the high aspartate concentration of M-II is not needed but the NaCl concentration must be increased. M-V is M-II minus aspartate but with the addition of 0.05% Casamino Acids and 0.24 M NaCl. The compositions of the various stage II media are shown in Table 1 . The contribution of the added 0.05% Casamino Acids to these figures was calculated. Addition of the D form of either glutamic or aspartic acid failed to produce any detectable effects, although their presence in the cell walls of some bacteria (9, 20) suggested their possible involvement.
The course of development of competence in these media is shown in Fig. 1 . The results indicate that the lag period is considerably reduced when the additional amino acids are present and that the number of competent cells increases logarithmically with time, reaching a maximum in a little over 1 hr. This finding was also reported by Ranhand and Lichstein (17) .
This logarithmic rise is probably significant, but we are unable to interpret it. Perhaps the development of competence in a synchronized culture would provide more meaningful information.
Kinetics of competence development. The previous study with M-II (18) left the mechanism of the development of competence in doubt. The data appeared to indicate that development was dependent on the cell concentration, yet a test for transmissible factors was negative.
With the finding that competence developed rapidly in M-IV, the effect of cell concentration on the development of competence was reexamined ( Fig. 2) . Development of competence was examined at three different cell concentrations, but the levels of competence were measured at one cell concentration for this experiment. It may be seen that the rate of development of competence at 107, 108, and 109 cells/ml is essentially in ML, were used to inoculate 25 ml of Ml,. When the cells had grown to approximately 109/ml, they were sedimented and resuspended in 25 ml ofone of the stage II media. Samples (2 ml) were quickly pipetted into warmed test tubes that were placed in a water bath at 37 C. At sampling time, 0.1 ml of 20;g/ml ofDNAfrom cells resistant to 2,000 ,g ofstreptomycin/ml was added to a 2-ml sample and shaken gentlyfor 5 min, after which 0.1 ml of 50 ,.g/ml of deoxyribonuclease in 0.1 M MgSO4 was added. After 2 min, samples were diluted appropriately andplated in Brain Heart Agar in duplicate. After 90 min of incubation, the plates were covered with a layer of 10 ml of Brain Heart Agar containing 100 ug of streptomycin sulfate per ml. Incubation for 18 to 24 hr was neededfor the colonies to be countable. An analysis of the development of competence in M-II was undertaken to determine why it was thought earlier to be concentration-dependent. This analysis showed that, at a low cell concentration, the lag period for the development of competence was shorter and competence was lost sooner than at higher cell concentrations. It seems likely, therefore, that the lower levels of competence reached by the lower concentrations of cells in the earlier study (18) All three suspensions were rotated at 125 rev/min at 37 C. At appropriate times, samples were removed and tested for competence after dilution first to 10 cells/ml in M-V. To each 2 ml ofcell suspension was added 0.1 ml of 20 ,g/ml ofDNA from cells resistant to 2,000 ,g ofstreptomycin/ml, making thefinaIDNA concentration 1 pg/ml. This mixture was agitated for S min and then 0.1 ml of5 psg/ml deoxyribonuclease in 0.1 M MgSO4 was added. After 2 min, samples were diluted and plated for streptomycin-resistant transformants. Con (4, 7, 10, 15) , have noticed that some values of f0, the fraction of the cells which were competent, were well above one, so it was clear that one or more facets of the problem were not understood.
A contributing factor under some circumstances was uncovered (18) a In these experiments, 35 ml of stage I medium in a 500-ml Erlenmeyer flask was inoculated with wildtype Rd H. influenzae to produce an initial cell concentration of approximately 107/ml. These were rotated at 150 rev/min at 37 C until the cell concentration rose to approximately 8 X 108/ml, after which they were sedimented, resuspended in an equal volume of stage II medium, resedimented, and resuspended in the appropriate stage II medium so that the initial concentration was 109/ml. The flasks were then rotated at 125 rev/min for 100 min in M-IV, for 120 min in M-V, and for 180 min in M-II, after which 2-ml samples of the cells were mixed with 0.1 ml of 20 ,g/ml of DNA purified from cells resistant to 2,000 j,g of streptomycin/ml. where fed is the fraction of the cells capable of being transformed to two markers, N1, N2, and N1,2 are the numbers of transformants to any set of markers arbitrarily designated 1,2, and 1 and 2, respectively, and C is the viable-cell concentration.
Since some values of fgd reached 5 to 10 (4, 10), it is obvious that factors other than q must be responsible for this anomaly. As noted earlier, incomplete development of cellular competence, as distinct from cultural competence (fd), Will reduce the number of double transformants, thereby increasing the value off, as will also any stable clumps or chains of the competent cells. It has been reported (10) that competent pneumococci seemed to be "stickier" than noncompetent ones, and the competent cells showed a strong tendency to aggregate. Haemophilus, under the usual conditions of handling, does not exhibit this tendency. (18) . It is assumed that valine inhibits the leucine or isoleucine synthesis, since addition of either amino acid reversed the.inhibition. Chloramphenicol likewise blocks development of competence without killing the cells (13, 18, 19 from streptomycin-resistant cells and DNA from erythromycin-resistant cells per ml. Incubation of the transformation mixture was stopped after 5 min, and deoxyribonuclease and Mg+ were added to bring the levels to 1 ,g/ml and 5 mm, respectively. Samples were then diluted appropriately in BHI-saline (1: 10), and known volumes were placed in six petri dishes and mixed with warm BHI Agar. After 1.5 to 2 hr, two plates each were covered with layers of BHI Agar containing 100,g of streptomycin per ml, 20 ,ug of erythromycin per ml, or both antibiotics at the above concentrations. Colony counts were made after 24 hr of incubation of the plates at 37 C. b Other experiments have not shown the large increase in viable count in M-II suggested by the last figure, 9.6. c TF(t) is the number of transformants at time t. TF(max) is the number of transformants at the highest level.
odate-sensitive structure or function in H. influenzae similar to that detected in B. subtilis (14a). This structure is not essential for viability but is critical for interaction with DNA. A correlation of inosine uptake during growth with increased ribonucleic content of the cells was also observed (J. M. Ranhand, Ph.D. Thesis, Univ. of Cincinnati, Cincinnati, Ohio, 1968).
The present results support the earlier evidence (6, 18) against the involvement of a macromolecular transmissible comoetence factor in the Haemophilus system. Barnhart's (2) factor appears to be small and may be nutritional in nature.
The need for 0.24 M NaCl in M-V to replace the 4 mg of aspartate per ml in M-II or M-IV was unexpected. It is quite interesting that this is nearly the same level of chloride which Kohoutova (11) found necessary to raise the second cycle of development of competence in pneumococci to a level approaching that observed in the first cycle.
At low cell concentrations, competence diminishes rapidly after reaching its peak (see 2), and as the cell concentration increases the rate of deterioration decreases. Two explanations will account for this finding. The medium may contain a low level of a destabilizing substance, such as a growth stimulant, which is taken up by low concentrations of cells but is not present in sufficient quantity to affect high concentrations of cells. The other explanation is that cells secrete a small amount of stabilizing substance which increases as the cell concentration increases.
In the light of what we now know about the calculation of competence from the frequencies of multiple transformations, it seems likely that the cultures analyzed previously (6) were not more than 50% competent. The close correspondence between observed and calculated multiple transformants was due, in part, to corrections introduced to compensate for the loss of recipient cell markers through the displacement by the corresponding sensitive markers introduced on the donor DNA.
